Abstract-In this paper, a fundamental study of energy efficiency (EE) optimization for coordinated multi-point (CoMP)-simultaneous wireless information and power transfer (SWIPT) heterogeneous networks (HetNets) is provided. We aim to optimize the EE whilst satisfying certain quality-of-service (QoS) requirements in regard to transmission rate and energy harvesting at both the macro-cell and small-cells. The corresponding joint beamforming and power allocation in the presence of intra-and inter-cell interference constitutes a EE maximization problem that is non-convex, and hence very challenging to solve. In order to solve this problem, we propose to separate the beamforming design and power allocation processes. In particular, different from the the conventional linear zero-forcing beamforming where the beneficial interference is removed, a partial zero-forcing approach has been proposed by differentiating the energy harvesting users and information decoding users in order to improve the EE. Our findings show that the EE can be significantly improved through the integration of CoMP-SWIPT in HetNets.
I. INTRODUCTION
The rapid rise in traffic demands has driven the incentive for the research and development of the next generation of mobile networks, known as 5G. A key enabler for 5G is heterogeneous network (HetNet), where various types of base stations (BSs) are deployed to support user equipments (UEs) with increased density and quality-of-service (QoS) requirements [1] . On the other hand, the increased interference introduced through network densification in HetNets can limit the achievable spectral efficiency (SE). A prominent strategy for tackling the issue of interference is through cooperation, for example, using coordinated multi-point (CoMP) transmission [2] . Further, with the anticipated novel overhauls in the traditional cellular architecture such to limit the data exchange between various transmitters, CoMP techniques may be significantly more suited for deployment in 5G networks than the existing 4G systems. As a result, CoMP-enabled HetNet can be viewed as a prominent enabling technology for 5G and beyond [3] .
Energy harvesting (EH), on the other hand, is widely considered a de facto solution towards enhancing the lifespan of energy-constrained wireless devices such as low-power sensors [4] . Based on that, a new technology named wireless power transfer (WPT) enables the transmitter to transfer energy to the receivers with the help of radio frequency (RF) signals [5] . As a result, integrating RF-based EH capability in traditional wireless communication systems has emerged recently as an important research direction, namely, simultaneous wireless information and power transfer (SWIPT), where information decoding (ID) and EH are performed simultaneously [6] .
As a result of the high energy requirements of wireless devices, energy efficiency (EE) performance has become a central theme towards delivering on the requirements of 5G in terms of user experience. With the introduction of the fundamental studies on SWIPT, EE maximization has attracted great attention in the context of SWIPT recently [7] , [8] .
Although the above studies are beneficial for understanding the theoretical bounds of SWIPT systems, there are certain challenges when it comes to implementing SWIPT technology in practice. For instance, power requirements/sensitivities for wireless information receivers and energy receivers are different and hence they are designed separately. This motivates our work to study the EE optimization for CoMP-SWIPT HetNet in a practical setting, where the BSs with multiple antennas simultaneously transmit to multiple single-antenna receivers with either information or energy, but not both at the same time. Under this setup, we consider joint beamforming and power allocation for QoS-constrained EE optimization in the downlink of CoMP-SWIPT two-tier HetNets, where minimum rate constraints for ID-UEs and minimum harvested energy constraints for EH-UEs are taken into consideration.
II. SYSTEM MODEL AND PROBLEM FORMULATION
We consider the downlink of a CoMP-SWIPT two-tier HetNet comprising of a macro-cell and L small-cells, as shown in Fig. 1 . It is assumed that only one BS is providing service in each cell. The set of cells is denoted using L = {0, 1, 2, · · · , L}, where indexes 0 and {1, 2, · · · , L} correspond to the macro-cell and the small-cells, respectively. For the SWIPT setup, two types of UEs are considered. In particular, the UEs are classified into ID UEs which receive and decode data from the corresponding BS, and EH UEs which are capable of transferring energy to the receivers using a single antenna is employed for all ID-UEs and EH-UEs. CoMP joint processing (CoMP-JP) and CoMP coordinated beamforming (CoMP-CB) are two different approaches that can provide high SE in downlink HetNets. In this paper, to emphasize the impact of heterogeneous deployment with SWIPT capabilities, the backhaul between the macro-BS and the small-BSs is assumed to be capacity-sufficient, and hence, CoMP-JP is employed. It is also assumed that perfect channel state information (CSI) is available at the BSs. For brevity, CoMP-JP is referred to as CoMP in the rest of the paper. Therefore, the transmitted signals at the BS l is given by 
where p [k,l] and q [k,l] are respectively denote the transmit power corresponding to the linear beamforming vectorw [k,l] andv [k,l] , and 
Thus, the signal-to-interference-plus-noise ratio (SINR) at the ID-UE [k, l] is given by
where σ 2 [k,l] is the noise power at the k-th ID-UE in cell-l. The transmission rate for the k-th ID-UE in cell-l is given by
where W denotes the total available spectrum. The receiver with EH capability can harvest the energy from both data beams and energy beams, i.e., both w's and v's. Hence, the energy collected at the receiver of EH-UE [k, l] is given by
where η indicates the loss when converting the energy. For the considered CoMP-SWIPT HetNet system, the system's overall power consumption model should take into account the EH devices. Thus, similar to the power model used in [7] , we consider the impact of harvested power, and hence, the system total power consumption is given by
where ζ accounts for the reciprocal of the power amplifier drain efficiency,
is the harvested power at all EH-UEs. It should be noted that the minus sign in (8) indicates that the receivers are capable of harvesting energy that is radiated in the RF from the transmitter (a portion of the power). In addition, the circuit power consumption P C in our CoMP-SWIPT HetNet can be modelled as,
where P ant N l represents the circuit power which depends on the number of transmit antennas at BS l, P fix l is the constant signal processing power at the l th cell. The last two terms P I K I l and P E K E l respectively denote the power required by all circuit components of each ID-UE and EH-UE.
The EE of our CoMP-SWIPT two-tier HetNet in the downlink can be formulated as (10) in the next page. Here, we are concerned with the problem of achieving maximum EE whilst meeting the required QoS constraints. Hence, the EE maximization problem should be formulated considering minimum transmission rate targets, minimum transferred en-
ergy demands, and total power budgets. Accordingly, the EE problem for the CoMP-SWIPT HetNet is described as
where P [l] max represents the transmit power budget for the celll, δ [k,l] represents the minimum rate target of ID-UE [k, l] and ρ [k,l] denotes the minimum harvested energy for EH-UE [k, l]. Therefore, constraints (12)- (14) are respectively used to guarantee the maximum power budget, the minimum rate target and the minimum harvested energy requirement.
The EE optimization problem, with joint beamforming and power allocation in the presence of inter-and intra-cell interference, is mixed-combinatorial and non-convex. The solution is therefore non-trivial and cannot be obtained directly. In order to solve this EE optimization problem, one may rely on an exhaustive search method over all the possible beamforming and power allocation combinations. Nevertheless, it is obvious that this exhaustive search method incurs intensive computational complexity in the number of transmit antennas, UEs, and small-cells. As a result, a low complexity resource allocation strategy is developed with the help of ZF beamforming.
III. PZF-BASED RESOURCE ALLOCATION SCHEME
In this section, we introduce the beamforming design and power allocation strategy for the proposed CoMP-SWIPT HetNet. Since the original problem in (11)- (14) is non-convex, it is non-trivial to derive the optimal beamforming directly, i.e., optimal w and v. Even if we can develop an optimal joint beamforming and power allocation strategy, the computational complexity is often too high when considering a practical HetNet scenario where there exists densely-populated smallcells and UEs. Thus, we separate the beamforming and power allocation to facilitate possible implementation in practice.
The most common precoding and receive combining that are used in current wireless communication networks are ZF, maximum ratio transmission/combining (MRT/MRC), and minimum mean squared error (MMSE) processing. However, it has been shown in [9] that ZF precoding provides the highest EE in a CoMP-enabled HetNet. However, the idea of the ZFbased solution is to remove the intra-and inter-cell interference to both ID-UEs and EH-UEs, and hence it is efficient for data transmission (Fig. 2) . It is true that the interference is a degrading factor for all ID-UEs. However, interference is beneficial to all EH-UEs since they can collect energy from the surrounding environment. Therefore, to design the beamforming that is suitable for our CoMP-SWIPT HetNet scenario, we can differentiate between the EH-UEs and ID-UEs due to their different performance with respect to interference. To fully exploit all existing interference, the ideal interference control strategy of the proposed CoMP-SWIPT is shown in Fig. 3 . In particular, the precoder for the ID-UEs, w [k,l] , ∀{k, l} ∈ {K I l , L}, can be designed based on ZF beamforming strategy. On the other hand, we devise the EH precoderv [k,l] , ∀{k, l} ∈ {K E l , L} with the fact that the interference is beneficial for all EH-UEs should be considered. Therefore, on the basis of interference impact of ID-UEs and EH-UEs, the design of the precoder for ID-UEs and EH-UEs should be perform separately.
We first construct the null space for ID-UE [k
Based on the constructed null space, the hybrid beamforming for ID-UE [k * , l * ], which consists of a PZF precoder, is written as 
such that the energy-carrying signal transmitted from BS l * do not generate interference to all the ID-UEs. It should be noted that these null spaces for EH-UEs are shared within the cell, i.e.,N
. Hence, we can write the hybrid beamforming for EH-UE [k * , l * ] based on the above constructed null space, which is given by
represents the spaces that are shared by all the EH-UEs in the cell l
is a vector that combines the columns of N E [l * ] towards optimizing the EE. The effective channels are then given by a
where a such that the system EE is maximized. To achieve this, the original optimization problem in (11)- (14) is reformulated as
s.t.
η(
Unfortunately, the above optimization problem is a non-convex non-linear fractional programming problem. The solution is therefore nontrivial and cannot be obtained directly. 
and n = n + 1,
END IF 10) UNTIL Convergence = TRUE. To solve this problem, we first define the beamforming and the effective channels in matrix form, i.e.,W [k,l] 
. In addition, it has been shown in [10] that the Dinkelbach method is an effective scheme to solve the classic non-convex non-linear fractional programming problems. Therefore, with the help of Dinkelbach method, the EE maximization problem in (22)- (25) can be solved by transforming the fractional-form function into a subtractive-form function that is summarized in Table I .
As detailed in Table I , the key of the proposed approach is to tackle the equivalent problem under a fixed β, i.e., step 3,
Since tr(X) is linear with X, and log |X| is a concave function [11] , the optimization problem (26)- (29) is convex. As a result, similar to the method in [12] , the optimal solution, i.e.,W [k,l] andṼ [k,l] , can be achieved with the help of the gradient approach. In particular, we updateW [k,l] andṼ [k,l] consecutively as follows,
where and¯ represent the step size, andG is the corresponding Lagrangian function for problem (26)-(29) which is given by (32) in the next page, with the gradient as
(34) Once the optimalW [k,l] andṼ [k,l] are obtained using (30) and (31), the corresponding optimal Lagrangian dual variables ξ l ,˜ [k,l] ,κ [k,l] can be determined. In particular, with the help of the sub-gradient method, the optimal Lagrangian dual variables can be updated as follows,
and˜ ,ˆ andˇ represents the updating step size.
IV. SIMULATION RESULTS
In this section, simulation results are provided in order to validate the performance of the proposed PZF-based approach in the CoMP-SWIPT HetNet. It is assumed that three uniformly-distributed small-cells are in the coverage area of a macro-cell, where the radius of the macro-cell and the smallcells are set to 250 m and 50 m, respectively, and there exists two ID-UEs and two EH-UEs in each cell. In order to model the capability of EH devices, all EH-UEs are considered to be located within 20 m to the corresponding BSs. We assume that the channels are i.i.d quasi-static Rayleigh block fading. Moreover, the path-loss parameter is set to 2.5 and 3.76 respectively for a practical line-of-sight SWIPT scenario and a typical 3GPP propagation environment. The power amplifier drain efficiency ζ and the EH efficiency η are set to 30% and 10%, respectively. In order to provide different service priorities and guaranteed QoS for each UE, the minimum rate constraint per ID-UE δ [k,l] is set to 2 b/s/Hz, and the minimum harvested energy per EH-UE ρ [k,l] is set to 0.2 W.
First, we investigate the convergence behavior of the proposed PZF-based scheme. It can be seen from Fig. 4 that the proposed algorithm is successfully converging to the optimal solution with around 90 iterations. Furthermore, as expected, the proposed PZF based approach outperforms the ZF based scheme in terms of EE (approximately 11%). This is because the former approach aims to fully utilize the beneficial interference for EH purposes without weakening the quality of data transmission, and hence, a higher EE is achieved.
In the next simulation, the EE performance of the proposed PZF-based scheme with various QoS demands are evaluated. We first investigate the EE performance of the proposed solution with different power budgets. As shown in Fig. 5 , the optimal EE achieved by the proposed PZF-based scheme is monotonically non-decreasing in the total transmit power constraint per cell P [l] max . Particularly, the EE increases dramatically with a smaller power budget, i.e., 10 < P max < 24 W, and then approaches an asymptotic value where a balance among the achievable rates and the total power consumption is obtained. We next show in Fig. 6 that the optimal EE under different harvested energy requirement. We can observe that the maximum EE remains unchanged up to a particular minimum harvested energy constraint, but decreases thereafter. This result implies that the best energy-efficient approach is using a higher transmit power. However, to satisfy a higher minimum harvested energy demand, extra power is required. It has been shown in Fig. 5 that this additional power cannot Proposed partial zero-forcing based method Decoupled resource allocation algorithm [12] Zero-forcing based suboptimal scheme [12] provide any EE gain, but in fact, it will weaken the EE performance due to the smaller transmit power range.
Finally, the effect of the number of transmit antennas on the EE in the CoMP-SWIPT HetNet has been studied. In order to depict the EE gain of the proposed scheme, we compare the performance with a approach that optimizes the EE in a conventional two-tier HetNet (without EH capability). In particular, we take into account the approach with joint transmit beamforming design and power allocation policy in [12] , and the ZF based suboptimal scheme in [12] . As shown in Fig. 7 , the proposed PZF-based solution obtains a superior EE versus all other approaches. Specifically, the EE first increases then decreases with the increasing number of transmit antennas, and the optimal value is 22.
V. CONCLUSIONS
In this paper, we studied the problem of QoS-constrained EE maximization in the downlink of CoMP-SWIPT HetNets. The corresponding optimization problem in the presence of interand intra-cell interference leads to a non-convex problem, and thus the solution is non-trivial and cannot be obtained directly. To solve this problem, a decoupled algorithm has been proposed where the beamforming design and power allocation procedure are separated. In particular, by utilizing the notion that interference benefits the EH-UEs, we propose a PZF approach by differentiating the EH-UEs and ID-UEs in order to improve the EE. Through constructing null spaces, a hybrid transmit beamforming was then developed to optimally combine the column spaces towards maximizing EE. Our findings illustrated that the EE can be improved considerably through integration of CoMP-SWIPT technology in HetNets.
